In order to improve the performance of heat transfer with multiple impinging jet(MIJ), we investigate the DNS (direct numerical simulation) of four round impinging jet arranged at an inflow of flow field. As a control parameters, a separation between each jet is varied. From view of instantaneous vortical structures and time-averaged velocity distribution, it reveals that the generation of vortical structures are enhanced due to an interaction between each jet, compared to that of a single impinging jet, and that various type of upward flow which does not exist in the single one, appears according to the control parameter. In addition the heat transfer performance of MIJ is numerically turn out.
Introduction
Impinging jet is widely used for cooling of industrial applications such as electric device, blades of gas turbine, hot steel and so on, since it possesses high performance of heat transfer rate and is easier to implement into various system. Their characteristics are reviewed by a few notable literatures [1, 2] . So far, a few or several ten thousand Reynolds number, defined with inlet nozzle diameter, are mainly targeted in laboratory research. However, according to the downsizing of electronic equipments, several one hundred of Re numbers are going to be dealt with [3] .
Impinging jets are subdivided into three regions, such as the free jet region, the stagnation region and the wall jet region [2] . Their performance of heat transfer on the impinging wall is depending on the Re number, the shape of nozzle, the number of nozzle, the distance between the nozzle and the impinging wall and so on [2] . In particular, although a single impinging jet produces high heat transfer rate around an impinging position on an impinging wall, however the heat transfer performance decays increasing the distance from the impinging position. Thus in order to overcome the shortcoming of single impinging jet, i .e., the occurrence of both inhomogeneous heat distribution on the wall and the narrow heating area, multiple impinging jets (MIJ) are generally introduced in industrial applications. Thus far it is well-known that each jet of MIJ interact with each other, producing the complex flow field [4, 5] . In addition, the heat transfer performance is significantly influenced with their interaction. Therefore to realize an optimum heat transfer performance, the influence of geometrical arrangement of jets, i .e., the separation length between jets, the arrangement pattern, should be investigated.
Recently significant advances of computer power lead to the realization of fluid phenomena including miniature vortices through the direct numerical simulation (DNS). Under the state of the art, we found the effectiveness of the active control of a round jet for the mixing enhancement [6] . Also DNS of impinging jets are conducted so far [7, 8] and highly resolved LES ( large eddy simulation ) [9] have demonstrated the flow structure and the statistical properties of heat transfer. Hence at present it is capable of investigating systematically the effect of control parameter.
In the present study, we conduct the DNS (direct numerical simulation) MIJ in which four round impinging jet arranged at an inflow of flow field. As control parameter, a separation between the each jet is varied. From view of instantaneous vortical structures and timeaveraged velocity distribution, it reveals that the generation of vortical structures are enhanced due to an interaction between the each jet, compared to that of a single impinging jet, and that various type of upward flow, which does not exist in the single imping jet, appears according to the separation length. Finally we demonstrates the effect of separation on the heat transfer performance of MIJ.
Numerical method

Governing equations and their discretization
Under the assumption of incompressible flow, the governing equations are as follows : Figure 1 shows the computational volume and coordinate systems. The computational volume is the rectangular box. The origin of axes is set at the center of four jets. The wall-normal direction, y and two horizontal directions, x, z are set, and the velocity component for each direction denotes u, v and w, respectively. Similarly, the radial direction, r, the azimuthal direction, θ are defined, and the velocity components for two directions denote as u r , u θ , respectively. The spatial discretization is performed with sine or cosine series expansion in x and z directions and 6th-order compact scheme [10] in y direction. The velocity components are discretized as follows so that the boundary conditions are satisfied:
In order to remove the numerical instability due to the nonlinear terms, the 2/3-rule is applied for the horizontal directions and an implicit filtering for the wall-normal direction is conducted with 6th order compact scheme. For the time advancement, third order Adams-Bashforth method is used. The well-known MAC method is employed for pressure-velocity coupling, which results in a Poisson equation for the pressure. After the Poisson equation is expanded with sine series in x and z directions, the independent differential equations are obtained for each wave number and then is discretized with sixth order compact scheme. Finally, the pentadiagonal matrix is deduced for each wave number. In the present simulation code, these matrices are solved using the LU Decomposition method. When vortical structures approaches the side boundary of impinging wall, relatively strong low-pressure regions being formed by vortical structures do not meet the pressure boundary condition, i.e. p=0, In the present simulation, since the spectral method is used, the occurrence of this discrepancy at the side boundary induces the unphysical numerical oscillation in the whole flow field. Thus the vortical motions should be artificially reduced near the boundary. In the present simulation, a fringe (buffer) region [11] is introduced around side boundary in order to reduce the perturbation using an appropriate external force. The external force is assumed to be as follows:
u ref is objective velocity. Thus the external force continues to work until the objective velocity is attained.
In the present simulation, in order to the fluid smoothly flows to the outside of computational volume, the external force normal to the side boundary is zero, while the tangential component of external force are imposed under the condition u ref = 0. Finally the external forces are determined as follows:
where the coefficient λ means strength of the external force. In the present computations, λ is set as shown in Fig.3. 
Calculation conditions
The inlet velocity distribution is assumed to be tophat type, which is given as follows: Computational conditions such as the size of computational domain, the grid number, the Reynolds number, the Prandtl number is (H x , H y , H z ) = (24D, 4D, 24D), (N x , N y , N z ) = (128, 100, 128), Re = 1500 and P r = 0.71, respectively. The grid spacing of wall-normal direction is densely populated near wall region. The inflow temperature, T 0 and the ambient temperature, T a are assumed to be higher than the wall temperature, T w , i.e., T 0 = T a > T w . The statistical properties are averaged over the time and azimuthal direction. The mean quantity is denoted with bar ( ) and fluctuating components, by prime ( ′ ). Figure 2 shows the geometrical arrangement of the MIJ. In the figure, the plane 1 to 3 on which the various flow properties are quantified, are defined. In the present study, four jets are placed on the inflow plane, and the separation length R h is varied as R h /D = 1.5 ∼ 5.0 (eight cases are conducted).
Evaluation of numerical accuracy
As shown in our previous paper [6] , the data of free jet is in good agreement with the experimental data. The variation of the distance from the impinging wall versus local Nusselt number of single impinging jet at the stagnation point (r = 0, y = 0) is shown in Fig. 4 . In the figure, the symbols denote the experimental data measured by Yokobori, et al. [13] . A double circle and a double square denote the present simulation results. These data demonstrate that the present data are in the scatter of the experimental data. Figure 5 shows the radial distribution of the local Nusselt number. In the figure, the symbols denote the experimental data [14, 15] and the lines, the present simulation. As can be seen, the present results are in good agreement with the experimental data. Thus our computational code gives a satisfactory results.
Results and discussions
In order to investigate the flow field of the MIJ, the instantaneous contour of velocity magnitude for the single and multiple (at R h /D = 1.5 and 5.0) impinging jets and the iso-surfaces of second invariant velocity gradient tensor,Q (Q = 0.1) are visualized in Fig. 6 . Although the single jet uniformly spreads over the impinging wall, as shown in Fig.6(a) , for the MIJ, the jet-jet interaction markedly disturb the flow field. In order to compare the influence of separation length, the velocity contour on the plane2 (in Fig. 2 ) are shown in Fig.7 . In the most narrower case of R h /D = 1.5, the intense fluctuation due to the interaction with each jet appears in the center of computational area, while in the most wider case, R h /D = 5.0 the fluctuation disappear in the center area and the profile of each jet is almost similar to that of single jet.
In order to investigate the mean flow of the MIJ, for the case of R h /D = 2.5, contours of mean velocity on the plane1 and 2 and mean velocity vector and streamlines on the plane 3 are visualized in Fig.8 . It demonstrates notable flow feature due to jet-jet interaction: early breakdown of potential core and slightly radially deflected jet core and excessive reduction outer edge of jet occurs before the jet impingement (Fig.8(b) ); large-scale recirculation flow between jets is generated, in particular, this recirculation has been pointed out as 'fountain' in previous literatures [4, 5] . Figure 9 show the wall normal distribution of radial mean velocity,ū r on the plane 1 and 2. In the outer region of the MIJ (r/D > 2.5), the wall jet on both upper and lower wall flow outward, however, core flow is different between the plan 1 and 2, i.e., the outward flow (ū r > 0) on the plane1 and the inward flow (ū r < 0) on the plane2 is formed, respectively , which means that the large-scale entrainment of outer fluid occurs around each jet on plane1. In the inner region of the MIJ (r/D < 2.5), the flow direction on the both upper and lower wall is in accordance with that of large-scale recirculation flow being formed between jets.
Here, we summarize the process of flow characteristics based on Figs. 8 and 9. First each jet impinges on the wall , and then wall jet are formed on the wall; the wall jet spreads further radial direction, and collide with another wall jet and, then the upward flow ( fountain ) is formed over the collision point(r = 0). These feature are confirmed from Fig. 8 (a) and (b) . The fountain impinges on the the upper wall and then the wall jet are formed the upper wall as well as the lower wall. The existence of wall jet is confirmed from the velocity distribution on plane 1 and 2 at r/D = 1.0. This upper wall jet on plane 1 radially spreads between jets as can been seen from Fig. 8(a) and 9 . On the other hand, the wall jet on the plane 2 collide with the each jet and are entrained into the each jet , resulting in formation of large-scale recirculation flow. From Fig. 8(c) we infer that the recirculation flow contributes to the early breakdown of potential core and the radially deflected tendency.
In order to investigate the effect of the separation length on flow structures, the radial distribution of wallnormal velocity on plane 2 at y/D = 2 for all cases of the present simulations are shown in Fig. 10(a) . For the narrow spacing case (R h /D ≤ 3.0), as can be seen, jet velocity distribution has a cusp, while for wider cases (R h /D ≥ 4.0) the velocity distribution remains a tophat type. As we mentioned above, the reason for the difference in velocity distribution is considered that the jet-jet interaction induces early breakdown and slightly radially deflected jet core and excessive reduction outer edge of jet. Figure. 10 (b) shows the wall-normal velocity at the center (r = 0). In the figure, upward flow (v < 0) has a maximum value at R h /D = 2.0, and weakens depending on the jet separation length,R h . Note that the reason for the lower value of R h /D = 1.5 is that the separation length is so short that the recirculation flow is attenuated.
Figures 11 show the contour of turbulent kinetic energy (TKE) of the MIJ (R h /D = 1.5, 2.5 and 5.0) on the plane2. In the most narrower case (R h /D = 1.5), the peak value of TKE appears the area where the outeredge of each jet interacts with the upwash flow. In the case of MIJ (R h /D = 2.5), the peak appears both the outer-edge of each jet and the center area in which the wall jet issued from each jet collide with each other. In the most wide case R h /D = 5.0 the peaks around the outer-edge of jet disappear, but the peaks around collision point of two-wall jet only appears. From these findings, it is demonstrated that the interaction of upwash flow and jet is dominant in the case of narrow separation length, however, as increasing the separation length, the interaction weakens, and the collision of wall jet is relatively dominant. Figure 12 shows the mean turbulent kinetic energy (TKE) which is integrated in the whole computational volume, and is normalized with the whole computational volume. As it can be seen, the mean TKE monotonically decreases with increasing R h over the R h /D = 2.5. These result suggests that the interaction between the upwash flow (fountain) and each jet mainly contributes to the turbulence production.
Finally we demonstrate the heat transfer performance of the MIJ.
Figures 13 show the contour of local Nu number on the impinging wall. Th single jet demonstrates that a high heat transfer rate occurs around the impinging point, while for the MIJ at R h = 2.5 the four high rate position corresponding to the jet impingement are formed as well as single jet. Not shown here, for the other cases of the MIJ, the most high rate position on the impinging wall is observed at an impinging position.
The local Nu number distribution on the plane 1 and 2 of all cases are shown in Fig.14 . On the plane 2, it is confirmed that the high-heat flux position occurs at the impinging position and that the peak of heat flux of MIJ exceeds that of sing jet. When the jet spacing increases, the characteristics of heat flux of each jet in MIJ ap- proaches that of the single jet. On the other hand, on the plane 1, the high heat transfer does not occur because there is no inclusion of impinging position. However, when the jet spacing is narrow, the upward flow (fountain) due to the wall jet impingement produces the strong turbulence and induces two peaks of heat flux.
Conclusions
1. From the instantaneous flow structures, for the single impinging jet , the flow is issued from the nozzle and impinges to the wall and then become wall jet on the wall. As the peculiar feature for multiple jets,it is demonstrated that, the promptly break-down of jet core ; decreasing of velocity around the outer edge of jet; the wall jets from each jet collides with each other; the formation of recirculation region due to the interaction of upwash flow and each jet.
2. From the turbulent kinetic energy, it is demonstrated that multiple jet produce fairly strong turbulence compared to the single jet, and that the spatial pattern of turbulence production depends on the separation length between jets. Furthermore it reveals that the local heat flux on the impinging wall depend on the turbulence production.
